A molecular clone of mouse-neuroadapted yellow fever 17D virus (SPYF-MN) was used to identify critical determinants of viral neuroinvasiveness in a SCID mouse model. Virus derived from this clone differs from nonneuroinvasive YF5.2iv virus at 29 nucleotide positions, encoding 13 predicted amino acid substitutions and 2 substitutions in the 3 untranslated region (UTR). The virulence determinants of SPYF-MN for SCID mice were identified by constructing and characterizing intratypic viruses in which the E protein of SPYF-MN was expressed in the YF5.2iv background (SPYF-E) or the E protein of YF5.2iv was expressed in the SPYF-MN background (YF5.2-E). SPYF-E caused lethal encephalitis in young adult SCID mice after intraperitoneal inoculation, with average survival times and tissue virus burdens resembling those of mice inoculated with the parental SPYF-MN virus. To define which domains of the E protein are involved in neuroinvasiveness, two viruses were tested in which the amino acid substitutions in domains I-II and III were segregated. This revealed that substitutions in domain III (residues 305, 326, and 380) were critical for the neuroinvasive phenotype, based on average survival times and tissue burdens of infectious virus. Comparison of growth properties of the various intratypic viruses in cell culture indicated that no inherent defects in replication efficiency were likely to account for the biological differences observed in these experiments. These findings demonstrate that the E protein is a critical factor for yellow fever virus neuropathogenesis in the SCID mouse model and that the neuroinvasive properties depend principally on functions contributed by domain III of this protein. To assess whether critical determinants for neuroinvasion of normal ICR mice by SPYF virus were also in the E protein, sequences of viruses recovered from brains of ICR mice succumbing to encephalitis with the parental SPYF virus were derived. No differences were found in the E protein; however, two substitutions were present in the 3 UTR compared to that of SPYF-MN, one of which is predicted to alter RNA secondary structure in this region. These findings suggest that the 3 UTR may also affect neuroinvasiveness of SPYF virus in the mouse model.
Yellow fever virus (YFV), the prototype member of the Flavivirus genus, exhibits neurovirulence in rodent and primate hosts. Acute encephalitis is a recognized complication of human vaccination against yellow fever, having been encountered in association with the French neurotropic vaccine, but only rarely with the 17D strain, and usually in young children (13) . Different strains of YFV can be distinguished by their levels of mouse neurovirulence (4, 12, 21, 42, 43) , and this virulence property can be enhanced by serial passage of the virus in the mouse brain (9, 30, 45, 47) . Genetic analyses of flaviviruses which differ in neurovirulence properties have identified mutations in numerous regions of the viral genome. However, mutations in the viral envelope (E) protein are generally regarded as having the most important effects on virulence (reviewed in reference 29). For instance, nucleotide sequence analysis of the E protein of the French neurotropic virus (Institut Pasteur) strain of YFV revealed a total of 25 nucleotide (nt) substitutions relative to the attenuated 17D-204 vaccine, with 17 amino acid substitutions (17, 50) . Furthermore, in the case of a neurovirulent revertant of the YFV 17D vaccine, two mutations were found within the E region of the viral genome (18) . Although the molecular mechanisms associated with the pathogenesis of encephalitis due to YFV have not been well characterized, mutations in the E protein are likely to contribute to this process by governing efficiency of virus attachment and entry into host cells and spread through critical target tissues. This conclusion is based on collective studies of other flaviviruses (5, 24, 27, 28, 33, 34, 42, 43) . Less is known about the effects of neurovirulence determinants in the nonstructural and untranslated regions (UTRs) of the flavivirus genome (6, 11, 19, 23, 31, 35) . Mutations in these regions could affect virulence by altering the efficiency of viral replication through deleterious effects on enzymatic activities involved in viral RNA transcription or on the RNA structures required for binding to host and viral proteins that participate in transcription and/or translation.
In a previous study, the mouse neurovirulence of a neuroadapted strain of YFV 17D (SPYF) was characterized, and a molecular clone of this virus (SPYF-MN) was engineered (8) . Virus derived from this clone was found to be neuroinvasive for young adult SCID mice and had measurably higher neurovirulence for normal mice than nonneuroadapted YF5.2iv virus, which represents the YFV 17D strain (41) . A total of 29 nt substitutions differentiated these two viruses, encoding 13 amino acid substitutions in the E, NS1, NS2A, NS4, and NS5 regions, and 2 nucleotide substitutions in the 3Ј UTR. To further investigate the genetic basis for the neurovirulence phenotype of the SPYF-MN virus, we constructed intratypic viruses between SPYF-MN and YF5.2iv in which the E protein of each virus was exchanged into the genetic background of the other and tested their virulence properties in the SCID mouse model. These studies revealed that the E protein of the SPYF-MN virus was critical for neuroinvasion. Testing of other subdomain intratypic viruses containing exchanges of domains I-II and III of the SPYF-MN and YF5.2iv E proteins indicated that amino acid substitutions in domain III of the SPYF-MN E protein were sufficient to generate the neuroinvasive phenotype. This model may be useful for evaluating mutations involved in neuropathogenesis of YFV that are below the levels detectable by conventional methods such as experimentation in normal mice or monkey neurovirulence testing. Data from such studies might be used in support of acceptable attenuation phenotypes of live-attenuated flavivirus vaccine candidates derived by genetic engineering.
MATERIALS AND METHODS

Cells and viruses.
Vero and BHK-21 cells were grown at 37°C in alpha minimal essential medium (alpha-MEM) supplemented with 10% fetal bovine serum. The neuroadapted SPYF-MN virus clone and YF5.2iv virus generated from a YFV 17D molecular clone have been described previously (8) . Plaque assays for virus quantitation were routinely done in Vero cells as previously described (49) . Viruses were diluted in phosphate-buffered saline (PBS) plus 10% fetal bovine serum for inoculation of mice.
Mouse experiments. Mice used for these experiments were SCID/ICR mice (Taconic, Germantown, N.Y.). Mice were inoculated between 4 and 5 weeks of age for studies of neuroinvasiveness. They were housed in microisolator units and handled under sterile conditions during experimental manipulations. Mice were inoculated by the intraperitoneal (i.p.) route for peripheral inoculation, observed until the onset of a moribund condition, and then sacrificed in accordance with guidelines of the Institutional Animal Care and Use Committee. Statistical analyses of differences in mortality were done with Fisher's exact test. Differences in average survival times were analyzed with the Mann-Whitney test (two-sided). For analysis of virus content in tissues of infected mice, tissues were recovered by dissection after perfusion with PBS at 4°C and stored at Ϫ70°C until used for virus quantitation. Titration of tissue-associated virus was done by preparing 10% suspensions of tissue homogenates in a Dounce homogenizer in PBS plus 10% fetal bovine serum and by performing plaque assays of diluted samples on Vero cells. Plaque assays were done on cell monolayers under 1.0% ME agarose (SeaKem) in alpha-MEM plus 5% fetal bovine serum. Plaques were visualized by staining after 6 to 7 days with 0.05% neutral red in PBS and then were counted after fixation in 10% formalin and staining with crystal violet.
Nucleotide sequencing of viruses. To verify the sequences of the intratypic viruses constructed for these experiments, RNA was prepared from monolayers of Vero cells infected during amplification of the viruses used for studies of mouse neuroinvasiveness. RNA was isolated with TRIzol (Gibco/BRL), reverse transcribed with Superscript II (Gibco/BRL), and used for synthesis of PCR fragments which spanned the YFV genome using previously described methods (8) . PCR fragments were cloned into pZeroBlunt-TOPO, and multiple clones for each amplicon were sequenced across regions containing the predicted nucleotide substitutions of the intratypic virus clones, as described in more detail below.
In experiments to determine the nucleotide sequence of brain-associated YFV, RNA was prepared from brains of mice infected with SPYF virus at the time of onset of a moribund condition. RNA was extracted and used for reverse transcription (RT)-PCR as described above, except that most PCR products were reamplified with a second set of nested primers as described below. The reverse primers used for first-strand cDNA synthesis were as follows: YF2486(Ϫ), 5Ј-GAT ACCATTTCCGCACTTGAGCTC-3Ј (nt 2509 to 2486); YF2980(Ϫ), 5Ј-GTGTAT TCAAAGACTGCGTCCATG-3Ј (nt 2979 to 2956); YF5300(Ϫ), 5Ј-GCCAACAC AAGAGTGCGCAAGCG-3Ј (nt 5250 to 5228); YF6210(Ϫ), 5Ј-GGCAGGTCAC AATTCCTCA-3Ј (nt 6210 to 6192); YF8300(Ϫ), 5Ј-GGCTCCAGACACGTAGT AC-3Ј (nt 8311 to 8293); YF9766(Ϫ), 5Ј-CATGGAAGTGGTGGGAACAGAAG GGC-3Ј (nt 9791 to 9766); and YF10862(Ϫ), 5Ј-GGAAACCTACTGTTTGTGTT TTGGTG-3Ј (nt 10861 to 10836).
The PCR primer pairs used to generate nested PCR products for sequencing were as follows. For first-strand cDNA from YFV 2486(Ϫ), the forward primer was 5Ј-GAGTAAATCCTGTGTGCTAATTG-3Ј and the reverse primer was 5Ј-ATTTGTGTCCTTTGTAACCCTCAT-3Ј (region amplified, nt 1 to 1780). For first-strand cDNA from YFV 2980(Ϫ), the forward primer was 5Ј-GGAA GAATGGGTGAAAGGC-3Ј and the reverse primer was 5Ј-GTGTATTCAAA GACTGCGTCCATG-3Ј (region amplified, nt 812 to 2979); the forward nested primer was 5Ј-GACGCAATGAGTCGTGATTGCCC-3Ј and the reverse nested primer was 5Ј-GATACCATTTCCGCACTTGAGCTC-3Ј (region amplified, nt 919 to 2509). For first-strand cDNA from YFV 5300(Ϫ), the forward primer was 5Ј-GGTAGGAGTGATCATGAT-3Ј and the reverse primer was 5Ј-GATGTTC ACATTCCTCGATGATC-3Ј (region amplified, nt 2410 to 4628); the forward nested primer was 5Ј-GGTAGGAGTGATCATGAT-3Ј and the reverse nested primer was 5Ј-GCTAACCAGCATCATCAGG-3Ј (region amplified, nt 2410 to 4309). For first-strand cDNA from YFV 6210(Ϫ), the forward primer was 5Ј-C TTGTGCTGACCCTAGGA-3Ј and the reverse primer was 5Ј-GCCCTTTTAT TGCCACCTTCCTCCC-3Ј (region amplified, nt 3812 to 5918); the forward nested primer was 5Ј-CTGTGTGCATTTCTGGCAACC-3Ј and the reverse nested primer was 5Ј-TTACGCAAAGAGGCAGCCA-3Ј (region amplified, nt 4142 to 5715). For first-strand cDNA from YFV 8300(Ϫ), the forward primer was 5Ј-GCCTGGGACTAGTGATGAA-3Ј and the reverse primer was 5Ј-TTC CCTCTTGCAGACTTCACCC-3Ј (region amplified, nt 5540 to 7681); the forward nested primer was 5Ј-TCCATCCATCAGAGCTGC-3Ј and the reverse nested primer was 5Ј-TTCCCTCTTGCAGACTTCACCC-3Ј (region amplified, nt 5671 to 7681). For first-strand cDNA from YFV 9766(Ϫ), the forward primer was 5Ј-TTGGCTGAAGGCATTGTC-3Ј and the reverse primer was 5Ј-GCCA CATATACCATATGGCACGGC-3Ј (region amplified, nt 7463 to 9074); the forward nested primer was 5Ј-TTGGCTGAAGGCATTGTC-3Ј and the reverse nested primer was 5Ј-CAGCTTCTTCTCTCTTTTCCCC-3Ј (region amplified, nt 7463 to 9025). For first-strand cDNA from YFV 10862(Ϫ), the forward primer was 5Ј-CCCCTTTTGGACAGCAAAGAGTG-3Ј and the reverse primer was 5Ј-GATACCATTTCCGCACTTGAGCTC-3Ј (region amplified, nt 8679 to 10861); the forward nested primer was 5Ј-CTGGACAGAGAAAAGAACCC C-3Ј and the reverse nested primer was 5Ј-GATACCATTTCCGCACTTGAGC TC-3Ј (region amplified, nt 8792 to 10861).
The cDNA products were subjected to PCR amplification with Deep Vent DNA polymerase (New England Biolabs), typically using amplification cycles of 2 min of denaturation, 1 min of annealing (55°C), and extension for up to 2.5 min. PCR products were isolated by agarose gel electrophoresis, purified with Wizard PCR preps (Promega), and used for direct sequencing. Nucleotide sequencing was done with DTCS Quick Start reagents (Beckman Coulter) and analyzed on an Applied Biosystems DNA sequencer. All chromatograms were also analyzed manually to detect and verify any nucleotide substitutions.
Construction of intratypic viruses. The SPYF-MN (8) and YF5.2iv (41) molecular clones were used as starting materials for construction of intratypic viruses. Both of these clones are based on a two-plasmid system for assembly of DNA templates for transcription of infectious viral RNA. pYF5Ј3ЈIV contains YFV nucleotide sequences from nt 1 to 2271 and 8275 to 10862 (YFV numbering) downstream of an SP6 promoter, and pYFM5.2 contains the YFV sequence from nt 1363 to 8704. The intratypic virus clones YF5.2-E and SPYF-E were constructed by modifying pYF5Ј3ЈIV and pYFM5.2 containing YF5.2iv or SPYF-MN sequences. pYF5Ј3ЈIV containing the YF5.2iv E region was used for construction of YF5.2-E, since there are no differences in the nucleotide sequences of SPYF-MN and YF5.2iv upstream of the E protein (8) . The SPYF-MN E sequence was introduced into the plasmids from pZeroBlunt-TOPO (Invitrogen) clones containing these sequences (8) . The plasmids used for the construction of SPYF-E virus were constructed as follows. pYF5Ј3ЈIV was digested with SalI and XhoI and religated to form the plasmid pYF5Ј3ЈIV-del(SalI/XhoI). This construct lacks YF5.2iv sequence from nt 9423 to 10862 and was digested with AvaI and NsiI to excise the YF5.2iv sequence from nt 536 to 1655. This AvaI/NsiI deletion was restored using the AvaI/NsiI fragment derived from digestion of pZeroBlunt containing SPYF-MN nt 423 to 2503. The excised SalI/XhoI fragment was then restored by replacing the NsiI/NotI fragment of this construct (nt 1655 to 6675 [vector] ) with the pYF5Ј3ЈIV fragment derived by digestion with the same endonucleases. The resultant complete pYF5Ј3ЈIV plasmid contains the SPYF-MN sequence from nt 536 to 1655 (YFV numbering).
The pYFM5.2 plasmid was digested with SacI to excise two fragments (nt 2486 to 4334 and 4334 to 5108) and religated to form pYFM5.2-del(SacI). This plasmid was then digested with NsiI and SacI to delete the YF5.2iv sequence from nt 1655 to 2486, which was restored with the corresponding fragment from pZeroBlunt TOPO containing SPYF nt 424 to 2503. The SacI deletion was then restored by ligation of the pYFM5. The plasmids used for the construction of the SPYF-E I-II and SPYF-E III viruses were the same as those described above. For the production of SPYF-E I-II , the NsiI/AatII fragment of pYF5Ј3ЈIV containing SPYF-MN nt 536 to 1655 was ligated to the NsiI/AatII fragment of pYFM5.2IV. For the production of SPYF-E III , the NsiI/AatII fragment of pYFM5.2 containing SPYF-MN nt 1655 to 2486 was ligated to the NsiI/AatII fragment of pYF5Ј3ЈIV.
The pYF5Ј3ЈIV and pYFM5.2 plasmids used for construction of YF5.2-E were constructed as follows. pYF5Ј3ЈIV was digested with BsmI to delete the fragment from nt 459 to 1514 and religated to form pYF5Ј3ЈIV-del(BsmI). This plasmid was then digested with NdeI and XbaI to excise the fragment from nt 9058 to 10708, which was replaced with the equivalent SPYF-MN sequence derived from a pZeroBlunt-TOPO clone containing SPYF-MN nt 9051 to 10862. To restore the deleted BsmI fragment, this plasmid was digested with EcoRI and XbaI and the resultant fragment (nt 8255 to 10708) was ligated into pYF5Ј3ЈIV digested with the same enzymes. The resultant pYF5Ј3ЈIV contains SPYF-MN nt 9058 to 10708. pYFM5.2 containing SPYF-MN nt 2486 to 5108, 5459 to 6797, and 7444 to 8027 was constructed in four steps. SPYF-MN nt 2486 to 5108, derived from a pZeroBlunt-TOPO clone containing SPYF-MN nt 2482 to 5250, was ligated as a partial SacI digestion product into pYFM5.2-del(SacI) (described above). The preparation of a separate pYFM5.2 containing SPYF-MN nt 5459 to 6701 and 7444 to 8027 was previously described (8) . Both of these plasmids were digested with NsiI and NheI, and the appropriate fragments (nt 1655 to 5459, respectively), were ligated to generate pYFM5.2 containing SPYF-MN nt 2486 to 5108, 5459 to 6701, and 7444 to 8027. To introduce the SPYF-MN substitution at nt 6758, this plasmid and pYFM5.2 containing SPYF-MN nt 1655 to 5108, 5459 to 6797, and 7444 to 8027 (prepared as described previously) were both digested with AvaI. The 3,801-to 6,797-nt fragment from the plasmid containing SPYF-MN nt 5459 to 6797 was ligated into the AvaI site of the other plasmid to generate the desired pYFM5.2 construct. This plasmid and the pYF5Ј3ЈIV containing SPYF-MN nt 9058 to 10708 were used to produce full-length templates by NsiI/AatII digestion and assembly of transcription templates as described above.
To confirm the presence of the SPYF-MN substitutions in the SPYF-E and YF5.2-E viruses, total RNA was purified from Vero cells transfected with infectious RNA, and regions containing the predicted substitutions in each virus were amplified by RT-PCR using previously described primer pairs (8) . PCR products were ligated into pZeroBlunt-TOPO vectors and used to transform Top 10 Escherichia coli cells (Invitrogen) as previously described (8) . Five to six clones from each PCR product were sequenced, and all contained the predicted SPYF-MN substitutions. However, two of the six SPYF-E-derived clones containing nt 424 to 2503 had additional substitutions. In one clone, a C (nt 1172) was changed to A, resulting in replacement of histidine (residue 67 of the E protein) with asparagine, and a silent substitution of A to G occurred at nt 2152. In another clone, a C (nt 1147) was changed to A, resulting in replacement of leucine (residue 159 of the E protein) with isoleucine. Of five YF5.2-E-derived clones containing nt 3476 to 5250, in one clone a C (nt 4872) was changed to T, resulting in replacement of alanine (residue 101 of the NS3 protein) with valine. In one of six YF5.2-E-derived clones containing nt 9051 to 10861, a C (nt 10029) was changed to T, resulting in replacement of threonine (residue 798 of NS5) with isoleucine, and an A (nt 10475) in the 3Ј UTR was changed to G.
The YF5.2iv, SPYF-MN, SPYF-E I-II , and SPYF-E III viruses were plaque purified twice from Vero cells, with intervening amplification on SW13 cells. The resultant virus stocks were amplified one additional time on Vero cells, total RNA was isolated, and the envelope gene was amplified by RT-PCR. PCR products were ligated into pZeroBlunt-TOPO, and three clones from each PCR were sequenced. All viruses contained the expected sequence through the E region. In addition, one clone from SPYF-E I-II contained a silent substitution, A (nt 1233) to G (glycine residue at position 87 of the E protein), but no other substitutions were detected. The primer pair used to amplify the E regions of SPYF-E I-II and SPYF-E III was as follows: forward primer, 5Ј-GGAAGAATGG GGTGAAAGGC-3Ј; reverse primer, 5Ј-GATACCATTTCCGCACTTGAGCT C-3Ј (amplifies the regions from nt 812 to 2509).
Virus growth curves. Viruses were inoculated onto monolayers of BHK cells in six-well Costar plates at 37°C in triplicate at a multiplicity of infection of 0.001 PFU/cell. Media were harvested at 12, 24, 36, 48, and 84 h postinfection, followed by replacement with fresh medium. The virus yields were determined by plaque assay on Vero cells.
Molecular modeling. A homology model for the YFV 17D E protein was generated based on the structure for the soluble fragment of the E protein of tick-borne encephalitis virus (39) . The amino acid sequence of the YF5.2iv virus E protein was submitted to the automated comparative protein modeling server Swiss-Model via the ExPASy web server for homology modeling by the firstapproach mode. The crystal structure of the soluble ectodomain of the tick-borne encephalitis virus E protein (ExPDB template code 1 svb) was used as the modeling template. Sequence alignment was determined by Swiss-Model, which aligned amino acids 1 to 384 of the YF5.2iv E protein sequence with those of tick-borne encephalitis virus E protein. Rotamers for amino acid substitutions in domain III of YFV were compared for prediction of the most favorable energy configuration of the side chains using the Swiss-PdbViewer.
RNA structures were generated with RNA mfold, version 3.1 (26, 51) . The region from the end of the open reading frame up to but not including the 3Ј-terminal stem loop was analyzed, based on the absence of any substitutions in the latter region and the predicted stable structure for these terminal 180 nt. Folding constraints were used to yield a structure for YF5.2iv that conformed to optimized predicted structures for the 3Ј UTR (36, 37, 38) . Several structures with similar energies were examined for each virus (YF5.2iv, SPYF-MN, and SPYF). Figure  1 illustrates the structure of the various viruses used in the experiments for this study. The YF5.2iv and SPYF-MN viruses were used as controls. The E protein of the SPYF virus (SPYF-MN molecular clone) differs from that of YF5.2iv virus by the following five amino acid substitutions: glycine for arginine at position 52 (domain I), threonine for isoleucine at position 173 (domain II), valine for phenylalanine at position 305 (domain III), glutamate for lysine at position 326 (domain III), and threonine for arginine at position 380 (domain III) ( Table 1) . To verify that the viruses used in the experiments did contain the expected engineered mutations, RT-PCR was used to derive fragments covering the entire genome, and multiple plasmid clones containing the corresponding PCR fragments were sequenced for each virus, as described in Materials and Methods. Using this approach, we confirmed that the expected residues were present at the relevant genetic loci, and only minor variants, containing very rare mutations, were present in the virus stocks.
RESULTS
Construction of intratypic YF5.2iv and SPYF viruses.
The parental YF5.2iv and SPYF-MN viruses could be readily distinguished from one another by their plaque sizes. YF5.2iv formed larger plaques (5 mm) than SPYF-MN (1 mm) on Vero cells ( Fig. 1 and 2 ). The SPYF-E virus exhibited a plaque size similar to that of SPYF-MN, indicating that the E protein apparently governs the small plaque phenotype of the latter virus. Furthermore, comparison of the plaque sizes of the domain-intratypic viruses revealed that the SPYF-E III virus formed small plaques, whereas SPYF-E I-II formed plaques that were similar in size to those of YF5.2iv virus. This indicates that domain III within the SPYF E protein in fact governs the small plaque size of the SPYF-MN and SPYF-E viruses.
Growth efficiency of intratypic viruses in cell culture. To verify that the engineered viruses did not exhibit any major defects in their replication efficiencies that might affect comparisons of their virulence properties in mice, their growth kinetics were analyzed in BHK cells (Fig. 3) . After a very low multiplicity of infection in this cell line, YF5.2iv virus grew to a titer of nearly 6 log (PFU/ml) by 48 h. Both YF5.2iv-E and SPYF-E I-II viruses, which contain the E protein of YF5.2iv virus or its domain III only, respectively, exhibited replication efficiencies that were generally similar to that of YF5.2iv, ex-cept the yields of the latter viruses were slightly greater than that of YF5.2iv over the initial 36 h postinfection. In contrast, SPYF-MN virus replicated less efficiently over the interval examined, reaching a maximum titer of approximately 5 log (PFU/ml) by 84 h postinfection. The SPYF-E and SPYF-E III viruses exhibited replication efficiencies similar to that of SPYF-MN. These data indicate that domain III of the SPYF virus confers a reduced replication efficiency upon YFV during low-multiplicity infection of BHK cells.
Neuroinvasiveness of SPYF-E and YF5.2-E viruses. To determine if the E protein is the dominant factor controlling the virulence properties of the SPYF-MN virus in SCID mice, the SPYF-E and YF5.2-E viruses were compared to the parental SPYF-MN and YF5.2iv viruses for neuroinvasiveness. Groups of SCID/ICR mice were subjected to i.p. inoculation with 5 ϫ 10 5 PFU of the respective viruses. Results are shown in Fig. 4 . Consistent with previous results (8), the SPYF-MN virus caused fatal encephalitis in all mice, with an average survival time of 17.6 days (range, 11 to 24 days). In contrast, the YF5.2iv virus did not cause any mortality over 20 weeks in these experiments, and the mice did not exhibit any signs of illness. The SPYF-E virus was similar to the SPYF-MN virus, as it caused 100% mortality in mice, with an average survival time of 20.2 days (range, 10 to 30 days). This survival time was somewhat longer than that associated with the SPYF-MN virus, but the difference was not significant. In contrast to this result, the virulence of YF5.2-E virus resembled that of the YF5.2iv virus, since it did not cause any mortality in mice over the period of observation of these experiments. These results indicate that the neuroinvasiveness of SPYF-MN virus for SCID mice is governed by determinants within the SPYF E 
Neuroinvasiveness of SPYF-E III and SPYF-E I-II viruses.
Because the initial experiments described above indicated that the SPYF-E virus contained the critical determinants of neuroinvasiveness for SCID mice, further investigation of the specific residues within the E protein which are involved in this phenotype was undertaken. Since domain III is believed to function as the cell receptor-binding region of the E protein, whereas domains I and II are primarily involved in the transition of the protein from a dimer to a fusion-active trimer (39, 46) , we created two viruses in which the substitutions in domains I and II were segregated from those in domain III (Fig.  1) . This approach would presumably give insight into whether the neuroinvasive properties are associated primarily with receptor-binding activity of the E protein or with subsequent events in virus entry. The SPYF-E III virus contains SPYFspecific substitutions in domain III (residues 305, 326, and 380), whereas the SPYF-E I-II virus contains SPYF-specific substitutions at positions 52 (domain II) and 173 (domain I) (Table 1). For both viruses, the remainder of the genome was derived from YF5.2iv. Figure 5 illustrates the results of testing in SCID/ICR mice, with SPYF-E virus used as a control for neuroinvasiveness. SPYF-E III was highly neuroinvasive, causing 100% mortality, with an average survival time of 15.4 days (range, 11 to 24 days). This was similar to results with SPYF-E, for which the average survival time was 19.7 days in this experiment (range, 14 to 30 days). The difference in survival times between SPYF-E III and SPYF-E was significant (P Ͻ 0.02). In contrast to these results, the SPYF-E I-II virus was not highly neuroinvasive, with only 5 of 15 mice developing encephalitis, with an average survival time of 57.2 days (range, 44 to 77 days). These experiments show that the basis for high levels of neuroinvasiveness conferred by the SPYF E protein involves determinants in the receptor-binding domain III and that these high levels are not caused independently or redundantly by residues in domains I and II and/or the stem-anchortransmembrane segment.
Virus burdens in tissues of mice. To further compare the virulence properties of the three engineered viruses which exhibited high levels of neuroinvasiveness (parental SPYF-MN, SPYF-E, and SPYF-E III ), tissue titration studies were performed on the mice which had succumbed to infection. The purpose was to determine if there were any differences in the distribution and extent of virus burdens at the time of fatal PFU of SPYF-MN, YF5.2iv, SPYF-E, and YF5.2-E viruses by the i.p. route. Experimental procedures were carried out as described in Materials and Methods. The mortality curves were constructed using data from two separate experiments for which similar survival times were recorded within groups of mice inoculated with the same viruses. PFU of SPYF-E, SPYF-E I-II , and SPYF-E III viruses by the i.p. route. Experimental procedures were carried out as described in Materials and Methods. The mortality curves were constructed using data from three separate experiments for which similar survival times were recorded within groups of mice inoculated with the same viruses.
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on October 30, 2017 by guest http://jvi.asm.org/ encephalitis. Results are shown in Table 2 . There was a similar distribution of the three viruses in all peripheral tissues examined, based on the presence of measurable amounts of infectious virus by plaque assay. This method was sensitive for detection of even low levels of infectious virus (Ͻ1 log PFU/g of tissue) from these animals. The magnitudes of the virus burdens in different tissues were generally similar among the different virus groups. However, the highest burdens were observed in the central nervous system (CNS), where virus content ranged from 7.5 to 8.5 log (PFU/gram of brain). The levels of virus in sera were relatively similar among the different groups. Most other tissues contained quantities of titratable virus in the range of 2 to 4 log PFU/g. Mice infected with YF5.2iv virus were not included in these experiments, as it was previously shown that this virus replicates very poorly in comparison to SPYF-MN (8) . Results are also shown for three mice infected with SPYF-E I-II virus, who succumbed to infection at 44, 46, and 77 days postinoculation. The brains of these mice had slightly less virus than those of mice infected with the highly neuroinvasive viruses, and the peripheral tissues were less often positive for titratable virus, although the titers were sometimes higher (liver, adrenal glands, and spleen), presumably reflecting the longer period of virus replication in mice infected with SPYF-E I-II than in mice that succumbed to the more neuroinvasive strains. The plaque sizes of the viruses recovered from brains of mice infected with SPYF-E I-II virus were similar to that of the virus inoculated, suggesting that there was no mutation to a virus with the phenotype of SPYF-E III . We did not test tissues of YF5.2iv-infected mice at times equivalent to those for SPYF-E I-II -infected mice, and such studies are required to determine if there are absolute differences in survival and tissue burdens for YF5.2iv and SPYF-E I-II viruses in this model, which would suggest an effect of the SPYF-MN substitutions at residues 52 and 173 on the virulence phenotype. These data indicate that there are no major differences in the tropisms and patterns of spread of the highly neuroinvasive viruses in the SCID mouse. This suggests that the E protein of SPYF virus confers a high level of infectivity on YFV for mouse tissues rather than merely conferring an increased level of neuroinvasiveness after i.p. inoculation. Nucleotide sequencing of brain-associated SPYF viruses. We reported previously that SPYF-MN and its parental SPYF virus differed in neuroinvasiveness for normal mice, with the former not causing fatal neuroinvasiveness in 3-week-old mice and the latter causing 75% mortality in 3-week-old mice and 40% mortality in 5-week-old mice (8) . These results were somewhat surprising in view of the similar neuroinvasive properties of these two viruses for SCID/ICR mice and suggested that SPYF-MN might be a quasispecies variant of SPYF virus. For instance, nucleotide substitutions in the E protein or elsewhere in the genome of SPYF-MN compared to SPYF might reduce its overall replicative fitness and limit its neuroinvasive properties in normal mice. In particular, the presence of the glutamate residue at position 326 of the E protein in the SPYF-MN clone, compared to the presence of a lysine residue at this position in other virulent YFV strains as well as the YF5.2iv virus, was suspected to be a deleterious substitution.
To further investigate this issue, we analyzed nucleotide sequences of viruses recovered from the brains of ICR mice which had succumbed to neuroinvasive disease with the parental SPYF virus (8) . The population sequence of PCR products spanning the entire genome was determined for one such sample, and the E region and 3Ј UTRs for viruses from three other mice were determined ( Table 3 ). The complete genomic sequence matched that of the SPYF-MN clone except for two substitutions in the 3Ј UTR (positions 10,508 and 10,631). Notably, the E regions were identical, and in particular, glutamate at position 326 rather than lysine was identified in the population sequence of SPYF virus. These same observations were also made for the E and 3Ј-UTR regions of viruses recovered from the other three mice. Thus, at the population level, SPYF-MN differs from the more neuroinvasive parental SPYF virus only in the 3Ј UTR.
The nucleotide substitutions among the 3Ј UTRs for YF5.2iv, SPYF-MN, and SPYF viruses were examined for their possible effects on predicted RNA secondary structures of the plus-strand RNA. Initially, a 3Ј-UTR structure for YF5.2iv was analyzed for compatibility with the structures predicted for the YFV 17D-204 strains (36, 37, 38) , using parameters which permitted formation of the conserved stem and hairpin structures (hairpins 1, 2, and 6 in regions I and II as defined by Proutski et al. [36] ). YF5.2iv and YFV 17D-204 differ by two nucleotide substitutions over the region analyzed (nt 10620 and 10681); however, at least two very similar structures with favorable energies were generated for these two viruses (data not shown). Structures for SPYF-MN and SPYF were then generated for comparison (Fig. 6 ). The SPYF-MN structure was constrained for formation of hairpins 1, 5, and 6, but not 2, 3, and 4, where the substitutions differing from YF5.2iv occur (nt 10555 and 10631). This resulted in the formation of a small branching hairpin proximal to loop 2, presumably as a result of the nt 10555 substitution. The substitution at nt 10631 was associated with truncation of the stem of hairpin 4 in SPYF-MN. Furthermore, elongation of the stem of hairpin 5 and formation of a proximal bulge loop were noted. A structure for SPYF was generated that was constrained only by formation of loops 5 and 6, allowing comparison to SPYF-MN for possible effects of nt 10508 and 10631 on their respective hairpins as well as the intervening regions. The structure differed from that of SPYF-MN by restoration of the length of stem 4 and constriction of the proximal branching bulge loop (nt 119 to 177) to exactly match YF5.2iv in this region, but it was otherwise indistinguishable. In particular, there was no obvious effect associated with substitution at position 10508. The SPYF-MN and SPYF viruses both exhibited an elongated stem-loop 5, with its proximal bulge, despite having the same nucleotide at position 10631. This suggests that nt 10555 is involved in the altered structure of stem-loop 5. A range of alternative structures for the three viruses were analyzed that had relatively similar energies and were constrained by the absence of base pairing among the initial 13 nt and between nt 15 through 18 and 183 through 186, both of which were required to optimize the YF5.2iv structure to that of YFV 17D-204 (36) . These alternative structures lacked one or more of the predicted conserved hairpins 1 through 6, and no general consistency was apparent among them. These data suggest that the 3Ј UTRs of SPYF-MN and SPYF differ from YF5.2iv in two regions of predicted conserved structure among YFV 17D strains, whereas SPYF-MN differs from SPYF in one conserved region.
DISCUSSION
YFV 17D, like some of the other neurotropic members of the Flavivirus genus, undergoes neuroadaptation during serial passage in mouse brain tissue, and this results in greater neurovirulence in this host, based on increased mortality rates, reduced average survival times, and a higher virus burden in the brain (8, 44) . This phenotype is associated with the accumulation of multiple mutations in the viral genome that are presumably acquired sequentially as viral fitness for replication in the mouse CNS increases. In previous work, we identified the nucleotide substitutions which occur in the genome of YFV 17D as a result of this neuroadaptation (8, 44) and demonstrated that virus engineered to contain the nucleotide substitutions (the SPYF-MN clone) does in fact exhibit increased neurovirulence as well as increased neuroinvasiveness relative to nonneuroadapted YF5.2iv virus (8) . SCID mice infected with SPYF-MN virus had readily detectable virus burdens in peripheral organs, which indicates that the mutations in its genome confer a generalized increase in infectivity for mouse tissues, not merely for the neurons within the CNS. Since mutations which increase the pathogenic potential of YFV in the context of the YFV 17D vaccine are undesirable, we sought to evaluate whether all or only some of the mutations in the neuroadapted SPYF-MN virus were required for its increased virulence phenotype in the SCID mouse model. The rationale for this investigation is based on the premise that the vaccine phenotype of the YFV 17D strain is likely to be of greater stability if multiple nucleotide substitutions are necessary to revert the virus to a high level of neurovirulence. The available FIG. 6 . Predicted RNA structures of the 3Ј UTRs of the plus-strand RNAs for YF5.2iv, SPYF-MN, and SPYF viruses. The structures were generated as described in Materials and Methods. The positions of nucleotide substitutions which differentiate these three viruses are indicated. The conserved hairpins as defined for the 3Ј UTRs of YFVs (36) are designated 1 through 6.
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on October 30, 2017 by guest http://jvi.asm.org/ data on YFV 17D-associated encephalitis in humans suggest that neurovirulence can be increased by as few as one or two mutations in the E protein (18) . However, it is possible that multiple pathways, involving either the E protein or other regions of the viral genome, exist for reversion of this virus. In this study, we engineered YFV 17D to contain substitutions which were naturally selected during the process of neuroadaptation. We therefore expect the data to be relevant to understanding the viral genetic basis for vaccine-associated encephalitis, although we acknowledge that there are important differences between the pathogenesis of this disease in mice and humans (32) .
The results of our investigation indicate that the E protein is a critical factor for the neuroinvasive phenotype of YFV 17D in the SCID mouse model, despite the presence of candidate virulence determinants in multiple other regions of the SPYF-MN genome. Numerous other studies have implicated the E protein as a virulence factor for flaviviruses, based on observations that mutations within this protein affect neuroinvasive and neurovirulence phenotypes in the mouse model (7, 24, 33, 34, 42, 43 ; reviewed in reference 29). In various studies, molecular determinants within domains I, II, and III as well as the stem-anchor region have been shown to govern the functional activities of the E protein which are associated with virus entry into susceptible cells and which presumably contribute to pathogenesis (1, 2, 16, 46) . With regard to the SPYF E protein, we evaluated the importance of five candidate virulence determinants (residues 52, 173, 305, 326, and 380) that are distributed through the three different domains. Residue 52 occurs in domain II at a site where mutations have been shown to influence the efficiency of cell penetration of Japanese encephalitis (JE) virus and also to affect neurovirulence of this virus in mice (15) . Residue 173 occurs in domain I and is a determinant of a wild-type YFV-specific monoclonal antibody epitope (42) . Substitutions at this position have been shown to abolish the epitope and to affect the mouse neurovirulence of the YFV 17D strain, with a threonine residue at this position acting as a virulence determinant (42) . The role of substitutions at positions 52 and 173 of the SPYF E protein during neuropathogenesis in the mouse is not clear at the present time, since they did not exhibit a dominant effect in the SCID mouse model. However, effects of these substitutions might be more important during virus replication in the CNS, based on the fact that they were in fact selected during serial passage in mouse brains. Further studies are needed to evaluate the importance of the substitutions for efficiency of virus growth in the mouse CNS. In contrast to residues 52 and 173, residues 326 and 380 lie within the putative receptor-binding domain III, occupying a region of its lateral surface which is likely to be involved in interactions between the E protein and cell surface receptors (5) . For instance, a substrain-specific epitope of YFV 17D has been shown to involve amino acid residue 325, and amino acid substitutions at this site can alter mouse neurovirulence (43) . Residue 305 has also been implicated in the formation of the epitope; however, substitution at this position exhibited a subdominant effect on neurovirulence (43) . Residue 380 is part of the RGD motif of mosquito-borne flaviviruses, and substitutions at this site in Murray Valley encephalitis virus (MVE) and YFV have been shown to affect the efficiency of virus spread in cell culture and to modulate neuroinvasion in mice (22, 48) . It is becoming clear from various studies that multiple substitutions in the different domains of the flavivirus E protein may act coordinately to affect the function of this protein and hence may be collectively involved during the pathogenesis of encephalitic disease in the mouse model, presumably at the level of virus entry. In at least one model, there was a graded effect of mutations in the E protein on virulence properties, as lethality of chimeric YF/JE virus increased in proportion to the number of candidate virulence residues introduced into the JE virus E protein (3). However, these effects were observed in the context of a neurovirulence assay, and the contribution of E protein determinants to neuroinvasive properties may be different and not dependent on effects of multiple residues (29) . It is also important to emphasize that the effects of attenuating substitutions in the E protein can be markedly influenced by covarying strain-specific genetic differences in this protein, at least in the context of mouse models of neurovirulence and neuroinvasiveness (42, 43) .
Residues 305, 326, and 380 within domain III of the SPYF E protein were also observed to influence the cell culture properties of all viruses containing this region, which include the parental SPYF-MN virus, SPYF-E, and SPYF-E III . All of these viruses exhibited a small plaque morphology on Vero cells and were impaired in replication kinetics compared to YFVs containing domain III of the YF5.2iv virus. Based on the very low multiplicities of infection used in the growth experiments, this suggests that the basis for the small plaque size and reduced replication efficiency involves a defect in cell-to-cell spread mediated by domain III of the SPYF virus. This may be a consequence of the alteration in local structure of the lateral surface of domain III caused by substitutions of glutamate at residue 326 and threonine at residue 380, such that interactions with cell surface receptors are compromised. The local structure is predicted to involve engagement of the side chains of these residues in multiple hydrogen bond formations with the main chain structure as shown in Fig. 7 . For Glu 326 , these include bonds between its carboxyl oxygen molecules and the main chain nitrogen molecule of Ser 325 and the hydroxyl group as well as the main chain oxygen molecule of Thr 301 . For Thr 380 , bonds are predicted between its side chain hydroxyl group and the main chain oxygen molecule of Asp 302 and between its main chain nitrogen molecule and the main chain oxygen molecules of Asp 302 and Val 337 . Arg 380 in the SPYF E protein is predicted to form bonds between its main chain nitrogen molecule and the main chain oxygen molecules of Asp 302 and Val 378 as well as between its side chain nitrogen molecule and the main chain oxygen molecule of Lys 303 . These predictions suggest that Arg 380 and Lys 326 are less constrained by local interactions and can adopt a configuration favorable for interaction of their side chains with solvent. Another consideration is that the loss of net positive charge resulting from the Glu 326 and Thr 380 substitutions is expected to reduce affinity for glycosaminoglycans, which might restrict cell-to-cell spread as a result of less-efficient interactions with these substances during early events in virus attachment. In this regard, the infectivity of YFV for cells in culture has been reported to be sensitive to inhibition by heparin, although the exact binding motifs on the E protein which are involved in this effect have not been characterized (14) . A reduced affinity for glycosaminoglycans might also be a factor involved in the high VOL. 77, 2003 YELLOW FEVER VIRUS IN SCID MICE 12239 level of neuroinvasiveness of SPYF-MN, SPYF-E, and SPYF-E III viruses, as this property has been correlated with a lack of clearance of neuroinvasive strains of MVE and JE virus from the circulation in the mouse model (20) and with virulence of tick-borne encephalitis virus (25) . Further experiments with the neuroadapted YFVs are required to determine whether reduced glycosaminoglycan binding is also a marker for high levels of neuroinvasiveness in the SCID mouse model and whether there is an independent effect causing increased infectivity for cells supporting permissive infection. Various studies have suggested that molecular determinants involved in the functions of the nonstructural proteins also influence the virulence phenotypes of flaviviruses (6, 11, 19) . Furthermore, comparison of the sequences of Asibi, French neurotropic vaccine, French viscerotropic, and SPYF-MN viruses reveals that some silent nucleotide substitutions are common to these three viruses (8) . Although such substitutions could represent a selection for proteins and RNA structures which are required for efficient replication efficiency or for adaptation to host cells in vivo, our data suggest that in the SCID model of neuroinvasion, such substitutions are unlikely to have dominant effects on neuroinvasiveness. For instance, the nonstructural region of the SPYF-MN virus, when tested in the context of the YF5.2iv virus, did not appear to contribute any virulence effects above the level of the corresponding region of YF5.2iv virus. There are a total of 20 nt substitutions and 8 amino acid substitutions which differentiate the nonstructural proteins of these two viruses, including amino acid substitutions in the NS1, NS2A, NS4A, NS4B, and NS5 proteins. It is also possible that the nonstructural region of SPYF-MN encodes viral functions that act synergistically with the structural proteins of this virus for replication efficiency and/or virulence properties, and this would not be evident from analysis of the properties of the YF5.2-E virus. However, determination of the complete sequence of the parental SPYF virus which was highly neuroinvasive for 3-week-old mice revealed differences from SPYF-MN and also from YF5.2iv in the 3Ј UTR (Table 3) . Comparison of predicted RNA structures for the 3Ј UTRs of these viruses revealed that both SPYF-MN and SPYF differed from YF5.2iv in the region immediately proximal to the conserved hairpin 2, where the branching loop structure of its rooting stem is disrupted. This corresponds to a structural difference noted between wild and vaccine strains of YFV (36) , suggesting that it may be involved in conferring virulence properties upon YFVs. Comparison of SPYF-MN and SPYF revealed a difference only in the shape of hairpin 4. This structure appears to be conserved among all YFVs examined (36) , and the fact that SPYF and YF5.2iv are identical with respect to this structure is consistent with this observation. It is possible that substitution at nt 10631 in the 3Ј UTR of the SPYF-MN clone, which is associated with the aberration in hairpin 4, results in a deleterious effect upon viral replication that compromises the overall replication efficiency of SPYF-MN virus. In this regard, the high neuroinvasiveness of the SPYF parent may in part be dependent on a U at nucleotide position 10631, which may be more favorable for virus replication. The presence of the substitution at position 10508 between SPYF and SPYF-MN, while not affecting the structure of invariant hairpin 1, could also conceivably affect functional properties if, for instance, the loop is involved in RNA-protein interactions during viral RNA replication. The hypotheses concerning the importance of the 3Ј-UTR substitutions are currently being evaluated by engineering the SPYF-MN virus to contain the 3Ј UTR of its parental SPYF virus or the YF5.2iv virus and by testing the neuroinvasiveness properties of the corresponding viruses in SCID/ICR and ICR mice.
The enhanced neurovirulence of neuroadapted YFV 17D was previously shown to involve the generation of higher titers of SPYF virus in the brain than what is achieved by YF5.2iv at the same time after infection (44) . This could also be primarily dependent on the effects of the E protein in increasing infectivity for neurons. It remains possible that the mutations we identified in the nonstructural protein regions of the SPYF-MN genome confer an enhanced replication efficiency upon YFV during infection of these cells. Direct comparisons of the growth efficiencies in the mouse CNS of the intertypic YFVs studied for the present report are needed to determine the relative contributions of the SPYF E protein alone versus those of the nonstructural region and 3Ј UTR of this virus to enhanced growth efficiency in this compartment. At present, the effects of either of these regions might be expected to result in more rapid accumulation of virus burden in the CNS and a shortened incubation period for fatal encephalitis, perhaps involving neuronal apoptosis (10) . Further studies with the mouse model described in this paper might also be useful to gain insight into reversion pathways of YFV 17D vaccine that involve mutations in the E protein or other regions of the genome. A better understanding of this phenomenon may be of benefit for evaluation of the attenuation properties of livevirus vaccines for flaviviruses produced by genetic engineering of molecular clones.
